The presence of oligopeptides often has a drastic impact on the nucleation and crystal growth of calcium-containing minerals. 
Biomolecules can influence the formation of minerals in solution in multiple ways. Besides interacting directly with existing crystal surfaces, peptides can affect crystal nucleation and growth by binding solvated constituents of the mineral, thus affecting also the early stages of nucleation. Recent studies indicate that in order to understand the mechanisms by which molecular modifiers are able to confer a specific structural pattern to the forming crystal, it is necessary to consider non-classical nucleation pathways, which involve metastable pre-nucleation clusters (PNCs) [1] [2] [3] [4] [5] or liquid aggregates of the mineral constituents forming by liquid-liquid phase separation. [6] [7] [8] [9] [10] Biomolecular modifiers have been shown to stabilise both PNCs and liquid mineral droplets. 9, [11] [12] [13] For example, it was observed that peptides of glutamic acid stabilise PNCs of calcium carbonate. 12 If biomolecular modifiers were able to not only stabilise but also to tailor the structure of PNCs or liquid mineral droplets, ion-peptide complexes might be viewed as the starting point of a cascade of structural motif encoding.
(Bio)polymer-controlled mineralization of calcium carbonate and calcium phosphate has been extensively investigated, but much less is known about calcium oxalate ĲCaC 2 O 4 ). Fischer et al.
14 investigated the effect of changing the chain length of poly-L-glutamate on the mineralization of CaC 2 O 4 . They found that homopeptidic additives may cause large variations in nucleation rates, pseudopolymorph selection and crystal morphology. At fixed chemical and thermodynamic conditions, adding decamers of glutamate (10Glu) resulted in up to 2 or 3 times longer induction times in the nucleation of CaC 2 O 4 compared to pentamers (5Glu) at the same concentration of 0.1 mmol L −1 . More importantly, in the absence of additives, or in the presence of Glu or 5Glu, calcium oxalate trihydrate (COT) was found to be the thermodynamically stable phase. The addition of 10Glu, however induced the crystallization of a di-hydrated pseudopolymorph (COD) in addition to COT. Therefore, solutions of CaC 2 O 4 with polyglutamate co-solvents are interesting prototypical systems to investigate the effect of polymers on the early stages of crystallization.
In the present paper, we explore peptide-ion complexes formed by oligo-L-glutamates and Ca 2+ ions by means of molecular dynamics (MD) simulations. The complexity and the multidimensional nature of the configurational space of these systems and the intrinsically long time scales needed for sufficient statistical sampling made it necessary to exploit state-of-the-art advanced sampling and data analysis techniques, namely Hamiltonian replica exchange (H-REMD) and automated projection of the configurational space (sketch-map). 16 We show that 10Glu induces characteristic 15 which follows the shape of the potentials of mean force (PMF) corresponding to the rotation around the ϕ and ψ backbone torsion angles and effectively flattens the free energy barriers that hinder conformational transitions. In H-REMD, several replicas of the system are simulated in parallel with the possibility to exchange configurations among the different replicas. In each replica the biasing potential is scaled with a different weight (λ). To obtain the biasing potential, the PMF of rotation around ϕ and ψ were computed for the central monomer-unit of 5Glu in absence of ions via well-tempered metadynamics 23 as implemented in Exchange attempts were made every 2 ps. Each replica was equilibrated for 20 ns (5Glu) or 40 ns (10Glu), before 400 ns H-REMD production runs were started. From each of the four H-REMD simulations (5Glu and 10Glu with and without ions) 40 000 configurations were analysed.
As it is extremely difficult to identify a reduced number of physical parameters that describe the high dimensional conformational space of intrinsically disordered polypeptides in water, we analyzed the simulations with the help of a nonlinear dimensional reduction algorithm (sketch-map). 16 Dimensionality reduction is performed starting from a high dimensional set of order parameters consisting of all free backbone dihedral angle pairs (ϕ, ψ). The sketch-map algorithm projects the configurations on a two-dimensional map, optimized in such a way that configurations with similar patterns are grouped together and become easily identifiable.
In the following, we present a structural analysis of the 5Glu and 10Glu H-REMD simulations and discuss it in the context of the experimentally observed formation of different CaC 2 O 4 pseudopolymorphs in the presence of these peptides.
The total number of Ca 2+ ions that interact simultaneously with one oligopeptide molecule strongly depends on the chain length (see Fig. 1a ions induce the formation of salt-bridges between the side chains. These may form between any pair of side chains, stabilizing both extended structures (salt-bridges between neighbouring residues), as well as compact ones (salt-bridges between residues further apart in the sequence). The stabilization of more compact peptide conformations can be seen in the distribution of the radii of gyration (Fig. 1b and ESI †) . according to their probability of occurrence (for 10Glu see ESI †). Since we use the same system of "sketch-map" coordinates, it is possible to compare the two probability distributions directly. Most importantly, one sees that the presence of ions significantly reduces the extent of the conformational space visited by the peptides, i.e. the salt bridges severely restrict the sampling. The sketch-map analysis spans the space of structures according to backbone conformations. One can supplement this representation by additional physical parameters. This aids the identification of structural features of the conformational clusters. In Fig. 2 the sketch-map projection of the configurations of 5Glu and 10Glu in the presence of Ca 2+ ions is colored according to the radius of gyration; red dots denote extended configurations while blue dots denote compact ones. For 5Glu (panel a) one can recognize 12 major regions of the two-dimensional space (from now on named clusters). Red and yellow regions at the center of the map consist of elongated conformations, while the clusters surrounding it mostly contain more compact conformations. The topology of the sketch map, and the lack of direct connecting paths between different compact (off-center) clusters suggest that conversions of a globular conformation into another occur mostly through elongated structures. The configurations in the clusters can be further characterized via the salt bridges. We have identified four types of clusters, highlighted by the colored frames around the representative snapshots in Fig. 2a . Blue frames indicate relatively elongated structures with two salt-bridges between neighboring side chains and a radius of gyration between 0.52 to 0.57 nm. Further Ca 2+ ions frequently interact with either one of the free carboxylate groups or with the deprotonated C-terminus. Green frames group structures with 0.52 < R gyr < 0.62 nm and two saltbridges. Globular structures are identified by orange and purple frames. The latter is the most frequently sampled structure: it features only two salt-bridges between the 2nd and 5th and between the 3rd and 4th side chains, and has R gyr0 .47 nm. In the assignment of these four types of structures to the sketch-map regions we see that they can be realized with different peptide backbone conformations. This grouping of structures according to salt bridges is important to understand the underlying principles that govern the formation of typical distances between Ca 2+ ions. As we will see in the following, the characteristic Ca 2+ -Ca 2+ distances found in these complexes can be related to CaC 2 O 4 pseudopolymorphs.
The two-dimensional sketch-map projection of ion-peptide configurations consisting of 10Glu and Ca 2+ ions exhibits similar features as the one for the 5Glu-Ca system (Fig. 2b) . The conformational space of 10Glu-Ca 2+ ion configurations is a lot more complex than the one of the 5Glu system, with a larger number of clusters. In Fig. 2b representative configurations of the most important clusters are shown. As for 5Glu, clusters featuring compact conformations are arranged in the periphery of the map: some are directly connected with one another, while others connect to clusters featuring elongated conformations in the center of the map. Clusters with similar features in terms of the number of salt bridges and the radius of gyration are positioned in different areas of the two-dimensional projection, as they display large differences in the backbone structure. With 10Glu, we can recognize the power of the sketch-map method to project and subsequently characterize typical structural elements in an inherently disordered system. Due to the increased complexity of the conformational space of 10Glu, the sampling is probably not yet comprehensive. Most likely, we see only a subset of the many stable structures that 10Glu forms in the presence of Ca ions. Nevertheless, thanks to the use of H-REMD the sampling is sufficiently representative (see ESI †) so that we can draw conclusions about characteristic conformations and structural elements, in particular regarding the ions relevant for mineralization. Polymorphism is modulated by highly dynamic nanoscale structures in solution and is likely to be affected by ion-peptide complexes. 9, 12, 13, 25 To unravel the molecular with 10Glu correspond to three of the four most intense peaks of the PCF of COD at 0.63 nm, 0.9 nm, and 1.43 nm. This coincides with the experimental observation, that COD is formed upon addition of 10Glu to the solution, suggesting that a structural motif encoding is already introduced by 10Glu at the earliest stages of peptide ion-interaction, ultimately affecting the formation of COD instead of COT. Experimentally, it was found that poly-glutamates also affect the shape, i.e. the growth, of CaC 2 O 4 crystals, which indicates that they also interact differently with different mineral surfaces. This mineralization stage will require different simulation methods and setups that will be taken up in the future. In summary, utilizing molecular dynamics with advanced sampling methods, we have explored the conformational landscape of deprotonated oligoglutamates consisting of 5 and 10 units in aqueous solutions, unraveling the effects of the interaction with Ca 2+ ions at the molecular scale. The larger uptake of Ca 2+ ions by longer peptides accounts for the longer induction times in the nucleation of calcium oxalate observed experimentally. More importantly, the patterning of the Ca 2+ ions bound to 10Glu shows a remarkable correspondence to that of Ca 2+ ions in COD, which has been found in experiments to crystallize when this peptide is added in solution. Our results support the hypothesis that structural motifs induced by the interaction with polymers can affect polymorphism in calcium rich minerals already at very early stages prior to nucleation. 
